Metal-insulator transition and superconductivity in boron-doped diamond by Klein, Thierry et al.
Metal-insulator transition and superconductivity in
boron-doped diamond
Thierry Klein, Philipp Achatz, Josef Kacmarcik, Christophe Marcenat,
Frederik Gustafsson, Jacques Marcus, Etienne Bustarret, Julien Pernot,
Franck Omne`s, Bo E. Sernelius, et al.
To cite this version:
Thierry Klein, Philipp Achatz, Josef Kacmarcik, Christophe Marcenat, Frederik Gustafsson,
et al.. Metal-insulator transition and superconductivity in boron-doped diamond. Physical




Submitted on 27 Jul 2007
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.

Metal-insulator transition and superconductivity in boron-doped diamond
T.Klein1,2, P.Achatz1,3, J.Kacmarcik1,4, C. Marcenat3, F.Gustafsson1, J. Marcus1, E.Bustarret1,
J.Pernot1, F.Omnes1, Bo E. Sernelius5, C. Persson6, A.Ferreira da Silva7, and C.Cytermann8
1 Institut Ne´el, CNRS, B.P. 166, 38042 Grenoble Cedex 9, France
2 Institut Universitaire de France and Universite´ Joseph Fourier, B.P.53, 38041 Grenoble Cedex 9, France
3CEA-Grenoble, De´partement de Recherche Fondamentale sur la Matie`re Condense´e, 38054 Grenoble Cedex 9, France
4 Center of Low Temperature Physics, IEP Slovakian Academy of Sciences, Watsonova 47, 04353 Kosice, Slovakia
5 Department of Physics, Chemistry and Biology, Linkoping University, 58183 Linkoping, Sweden
6 Department of Materials Science and Engineering, KTH, 100 44 Stockholm, Sweden
7 Instituto de Fisica, Universidade Federal da Bahia, 40210 340 Salvador, Bahia, Brazil
8 Solid State Institute, Technion, 32000 Haifa, Israel.
(Dated: February 20, 2007)
We report on a detailed analysis of the transport properties and superconducting critical tem-
peratures of boron-doped diamond films grown along the {100} direction. The system presents a
metal-insulator transition (MIT) for a boron concentration (nB) on the order of nc ∼ 4.5×1020 cm−3
in excellent agreement with numerical calculations. The temperature dependence of the conductiv-
ity and Hall effect can be well described by variable range hopping for nB < nc with a characteristic
hopping temperature T0 strongly reduced due to the proximity of the MIT. All metallic samples
(i.e. for nB > nc) present a superconducting transition at low temperature. The zero temperature
conductivity σ0 deduced from fits to the data above the critical temperature (Tc) using a classical
quantum interference formula scales as : σ0 ∝ (nB/nc − 1)ν with ν ∼ 1. Large Tc values (≥ 0.4
K) have been obtained for boron concentration down to nB/nc ∼ 1.1 and Tc surprisingly mimics a
(nB/nc−1)1/2 law. Those high Tc values can be explained by a slow decrease of the electron-phonon
coupling parameter λ and a corresponding drop of the Coulomb pseudo-potential µ∗ as nB → nc.
PACS numbers: 71.30.+h, 74.25.Fy, 71.15.-v, 71.55.Cn
I. INTRODUCTION
The recent discovery of superconductivity in boron-
doped diamond [1] in the vicinity of a metal-insulator
transition (MIT) naturally raised the question of the cor-
relation between these two electronic instabilities. How-
ever, in contrast to doped Silicon or Germanium [2], little
work has been performed so far on the MIT in this sys-
tem. An analysis of the MIT has been recently performed
by Tshepe et al. [3] in ion-implanted films, suggesting
that the critical concentration for the MIT, nc, might
be on the order of 4 × 1021 cm−3. The authors also ob-
tained a surprisingly high value for the critical exponent
ν (∼ 1.7) in the scaling of the conductivity suggesting
that diamond belongs to an universality class different
from that of other doped semiconductors.
However, we will show that, in our single crystal di-
amond epilayers, the zero temperature conductivity, de-
duced from fits to the data above the superconducting
critical temperature using a classical quantum interfer-
ence formula, varies as (nB/nc − 1) for nB > nc, leading
to a scaling exponent ν ∼ 1, i.e. close to the one previ-
ously observed in disordered metals [4] and many semi-
conductors [5, 6]. We will also see that, on the insulating
side of the transition, the temperature dependence of the
conductivity (σ) and the Hall coefficient (RH) can be
very well described by a variable range hopping mecha-
nism [7] with a characteristic hopping temperature which
is strongly reduced due to the proximity of the MIT.
Moreover, we obtained a critical value nc on the order
of 4.5× 1020 cm−3 in very good agreement with numeri-
cal calculations but one order of magnitude smaller than
the one previously obtained by Tshepe et al. [3], in their
more disordered samples.
Theoretical calculations [8–12] suggested that super-
conductivity arises from the coupling of phonons with
holes in the top of the σ bonding bands [8–12] as ob-
served in magnesium diboride [13]. However, despite a
very large electron-phonon coupling potential (V ), the
3D nature of the C network in diamond (sp3-type) greatly
reduces its density of states (gF ) compared to the one of
the quasi-2D MgB2 compound (sp2 bonding of B atoms
isostructural to graphite) and the theoretical calcula-
tions thus lead to an electron-phonon coupling constant
λ = gFV on the order of 0.4 − 0.5 for ∼ 5% holes per
carbon atoms [8–12] much smaller than in MgB2 (λ ∼ 1).
λ is even expected to further decrease as the MIT is ap-
proached and diamond thus appears to be an exotic sys-
tem of fundamental interest for the study of the influence
of low carrier concentration on superconducting proper-
ties of materials.
From the requirement that the superconducting gap
vanishes for T = Tc, BCS theory predicts that the criti-
cal temperature Tc ∼ 0.85ΘDexp(−1/gFV ) where ΘD is
the Debye temperature. This expression is only valid in
the weak coupling limit (λ = gFV << 1) and a semi-
empirical expression has been proposed by McMillan,
solving numerically the Eliashberg equations [14]:
Tc ∼ ~ωlog/1.2kBexp
[
− 1.04(1 + λ)
λ− µ∗(1 + 0.62λ)
]
(1)
where ωlog is a logarithmic averaged phonon frequency
2(on the order of 1020 cm−1 in diamond) and µ∗ the
Coulomb pseudopotential. We will show that Tc remains
abnormally large down to nB/nc ∼ 1.1 (Tc ≥ 0.4 K) due
to a very good coupling and reduced Coulomb pseudopo-
tential.. We will see that the fast decrease of λ expected
in virtual crystal calculations [10–12] is unable to repro-
duce the experimental data thus suggesting that local
boron vibrational modes play a significant role in super-
conductivity in diamond.
II. SAMPLE PREPARATION AD
EXPERIMENTS
A series of homoepitaxial boron-doped diamond films
have been grown by Microwave Plasma-enhanced Chem-
ical Vapor Deposition along the {100} direction from a
H2/CH4/B2H6 gas mixture [15]. The very narrow (10-20
arcsec) {400} diffraction peaks measured on these biax-
ially stressed epilayers [16] confirm their high structural
quality and chemical homogeneity. Transport measure-
ments have then been performed using the standard four
probe configurations and the boron atomic concentra-
tions nB were derived from Secondary Ion Mass Spec-
troscopy (SIMS) experiments as described in ref. [15].
Superconductivity has been observed in all metallic
samples and the critical temperature Tc has been de-
duced from transport (90% of the normal state resistiv-
ity, labeled R, see Fig.1a) and/or susceptibility (onset
of diamagnetic screening, labeled χ, see inset of Fig.2 in
ref. [15] for a typical example) measurements. Those
values have been reported in Table 1. Both sets of
measurements show a well defined superconducting tran-
sition and a good agreement has been obtained from
both criterion in sample 509 in which both measurements
were performed. Moreover, a very similar Tc value has
also been deduced from the temperature dependence of
the gap from tunneling spectroscopy measurements [17]
clearly emphasizing the homogeneity of our films. No
superconductivity could be observed down to 50 mK for
nB ≤ 4 × 1020 cm−3 (i.e. on the insulating side of the
MIT) and, as discussed below, the temperature depen-
dence of the resistivity then obeys an exp(−(T0/T )1/4)
law as expected for variable range hopping.
III. INSULATING SIDE OF THE TRANSITION :
VARIABLE RANGE HOPPING CONDUCTIVITY
For nB ≤ 4.5× 1020 cm−3, the conductivity decreases
very sharply with decreasing temperature and several
hopping mechanisms can then be considered writing :
σ = σ0exp(−(T0/T )m). For a simple activated regime
(i.e. for tunneling towards the nearest accessible site)
m = 1 but it has been shown by Mott [7] that it can be
energetically favorable to hop over larger distances seek-
ing for the most favorable site (variable range hopping,
























































































FIG. 1: (a) temperature dependence of the electrical resis-
tivity rescaled to its T = 100 K value is two samples clearly
showing the onset of superconductivity at low temperature.
(b) Semi-log plot of the conductivity (left scale, circles) and
inverse Hall coefficient (right scale, crosses) as a function
of 1/T 0.25 for nB = 2.4 × 1020 cm−3 (open symbols) and
nB = 4×1020 cm−3 (closed symbols, conductivity only). The
solid lines are the expected behavior in the variable range
hopping regime and the dashed line corresponds to σ ∝ T 1/3.
In the inset:log-log plot of dLn(σ)/dT as a function of T .
sumes that the density of states at the Fermi level (gF )
is almost constant but long range unscreened Coulomb
repulsion may strongly reduce gF (Coulomb gap) leading
to m = 1/2 (Efros-Shklovskii[18], ES regime). As shown
in Fig.1b, we did observe that σ(T ) can be very well
reproduced taking m = 1/4 between ∼ 10K and 300K
(with T0 ∼ 3700 K and ∼ 210 K for nB = 2.4 × 1020
cm−3 and nB = 4× 1020 cm−3, respectively [19]).
It has been predicted by Gruenewald et al. [20] in
a percolation model that the Hall mobility (µH) should
3TABLE I: Boron concentration deduced from SIMS measure-
ments (nB in 10
20 cm−3), conductivity value extrapolated
to T = 0 K (σ0 in (µΩcm)
−1) and superconducting critical
temperature (Tc in K) in a serie a boron doped diamond ho-
moepitaxial films.
sample nB σ0 Tc
411 2.4 2 (4K) ≤ 50mK
662 4 17 (4K) ≤ 50mK
666 4.8 70 0.45 (R)
400 6.3 430 0.55 (R)
418 9 820 0.9 (χ)
420 11.5 1480 1.4 (χ)
412 12 1000 1.2 (χ)
419 13 870 1.2 (χ)
438 16 2130 1.3 (χ)
507 19 unknown thickness 1.55 (χ)
509 26 3260 2.0 (R + χ)
also follow a VRH law : ln(µH) ∝ −3/8(T0/T )1/4 lead-
ing to a Hall coefficient RH ∝ exp(−(T0,H/T )1/4) with
(T0,H/T0) ∼ (5/8)4 ∼ 0.15. As shown in Fig.1b (for
nB = 2.4× 1020 cm−3), the VRH law is indeed very well
reproduced for both σ and 1/RH with T0 ∼ 3700K and
T0,H ∼ 500K i.e. T0,H/T0 ∼ 0.13 in good agreement with
the theoretical prediction [20, 21].
T0 is related to the localisation length ξloc through :
T0 ∼ (CM/kBgF ξ3loc)1/4 where CM is a numerical con-
stant (eventhough percolation theories confirmed the ini-
tial proposition by Mott that m=1/4, there exists a con-
siderable discrepancy on the CM value [22, 23] ranging
from ∼ 1 to ∼ 28). Far from the transition, ξloc is on the
order of the Bohr radius (∼ 3.5A˚) and gF ≈ nB/w can
be estimated assuming that the width (w) of the impu-
rity band caused by Coulomb interaction between near-
est neighbor boron impurities is w ∼ e2/κrB where rB
in the mean distance between impurities ∼ (3/4pinB)1/3
and κ = 4pi0r. One hence gets T0 values on the order of
106 K in good agreement with the value reported by Sato
et al. [24] but much larger than those that we obtained
in our just-insulating samples.
However, close to the transition ξloc is expected to di-
verge leading to very small T0 values. The ”distance” to
the MIT can be quantified in terms of the boron concen-
tration (nB) through the parameter | nB/nc − 1 | where
nc is a critical concentration. The critical regime can
be described by two characteristic exponents [25] ν and
η. The former relates the correlation length (ξ ≡ ξloc)
to the external parameter which drives the transition
(here the concentration nB) through ξ ∝ 1/ | nB − nc |ν
and the latter relates the energy scale to the length scale
(E ∝ 1/Lη). gF is hence expected to scale as ξ3−ηloc and T0
as (1−nB/nc)νη. Taking ν ∼ 1, η ∼ 3 and nc ∼ 4.5×1020
cm−3(see below) T0 is expected to be rescaled by a factor
10 for nB = 2.4 × 1020 cm−3 and even by a factor 1000
for nB = 4 × 1020 cm−3 in reasonable agreement with
our experimental values.
























































FIG. 2: Resistivity (at T = 10 K) as a function of the
boron content deduced from SIMS measurements (nB). The
solid line corresponds to calculations in the generalized Drude
model. A metal-insulator transition is predicted for nB ∼
4−5×1020 cm−3 in good agreement with experimental data.
In the inset : effective number of carriers (neff ∝ 1/RH) de-
duced from Hall measurements as a function of nB , the solid
line would correspond to neff = nB .
the Mott (m = 1/4) to the ES (m = 1/2) regime should
be observed at low T . Such a crossover has been recently
reported by Tshepe et al. [3] and a progressive change
from m = 1/4 at high temperature to m = 1/2 and
finally m = 1 at low temperature has also been reported
by Sato et al. [24] for nB ∼ 1.8×1019 cm−3. However, it
is important to note that the Coulomb gap ∆CG scales as
[18] 1/ξη leading to a vanishingly small region in which
the ES regime can be observed at low temperature in
our two just-insulating samples. Nevertheless, as shown
in Fig.1b, for nB = 4×1020 cm−3 the conductivity clearly
deviates from the Mott regime below 10K. To check for a
crossover to the ES regime, we have reported in the inset
of Fig.1b, the temperature dependence of dLn(σ)/dT ∝
1/Tm+1 in a log-log scale. At high temperature m =
1/4 but the slope becomes smaller at low temperature,
opposite to what is expected for the ES regime [26].
At the transition σ is expected to scale as 1/L ∝
E1/η ∝ T 1/η for finite temperatures [25]. As previously
reported by Tshepe et al. [3] such a dependence is con-
sistent with the deviation from the VRH law observed
below 10 K for nB = 4×1020 cm−3 taking η ∼ 3 (Fig.1b,
dotted line). This low temperature part of the σ vs T
dependence obviously requires further investigation but
a T 1/3 dependence has also been recently observed on
a very large temperature range (0.3K to ∼ 50K) in a
sample very close to the critical doping grown along the





























FIG. 3: Temperature dependence of the conductivity on the
metallic side of the metal-insulator transition for the indicated
boron concentrations. The solid lines are the fits to the data
in the presence of quantum interference effects.
[25] that 1 < η < 3 depending on the relative importance
of one electron localisation and many body correlation
and screening effects. Measurements in disordered metals
[4] initially suggested that η ∼ 2 but scaling analysis in
doped Si semiconductors [23] rather suggested that η & 3
in good agreement with numerical calculations [28]. We
will see in section VI that this large η value has a direct
consequence for the high Tc values observed close to the
MIT.
IV. CRITICAL CONCENTRATION
We now come to the critical concentration nc. Fig.2
displays the low temperature resistivity ρ = 1/σ (at T =
10 K) as a function of the boron content together with
theoretical values (solid line) obtained in a generalized
Drude approach [29]. In this model, the static resistivity








[ + α1(Q, 0)]2
dQ
where W = ~ω/4EF , Q = q/2kF and α1 and α2 are
related to the dielectric function through: T (q, ω) =
 + α1(q, ω) + iα2(q, ω) ( being the dielectric constant,
EF the Fermi level and kF the Fermi wave number). It
has been assumed that scattering arises from randomly
distributed Coulomb impurities and a single valence band
with an effective mass m∗ = 0.74 and  = 5.7 have
been considered. This approach leads to resistivity values
slightly lower than the experimental ones on the metal-
lic side of the transition as it does not include quantum
interference effects (see below) but, as shown, the exper-
imental ρ values tends towards the calculated ones for
nB >> nc and, this approach leads to a critical con-
centration on the order of 4 − 5 × 1020 cm−3 in good
agreement with our experimental value (on the insulat-
ing side, the experimental resistivity data are lowered
by VRH channels absent from the calculations). Assum-
ing that the critical concentration can be defined by the
Mott criterion n1/3c a∗ ∼ 0.26, one obtains a Bohr radius
a∗ ∼ 3.5A˚ in good agreement with calculations based
on the boron excited states. The present experimental
and calculated values for nc are one order of magnitude
lower than that measured on ion-implanted diamond [3],
where the doping efficiency of boron atoms may be con-
siderably reduced by a non-substitutional incorporation.
In particular, interstitial boron and boron-vacancy pairs
[30] or boron dimers [31] have been shown to lead to deep
gap states and do not give any free carrier to the system.
Finally note that the effective number of carriers de-
duced from Hall effect measurements neff = 1/(RHet)
is significantly larger than the number of boron atoms
deduced from SIMS measurements (see inset of Fig.2).
A similar effect has also been reported by Locher et al.
[32]. Such a difference can not be accounted for by the
presence of a corrected Hall coefficient [33] suggesting the
presence of a complicated band structure including both
holes and electrons.
V. METALLIC SIDE OF THE TRANSITION :
SCALING PROPERTIES OF THE ZERO
TEMPERATURE CONDUCTIVITY
As shown in Fig.1a, for nB ≥ 4.8× 1020 cm−3, the re-
sistivity increases only slowly for decreasing temperature.
On the metallic side of the MIT, σ is expected to vary
as (e2/~ξ)f(ξ/LT ) where LT is a thermal cut-off length.
For ξ << LT , f ∼ 1 + ξ/LT with  LT ∝ 1/
√
T and hence
σ ∝ √T . Taking also into account the influence of weak
localisation effects (σ ∝ T for electron-phonon scattering
[34]) one finally expects :
σ = σ0 + AT 1/2 + BT (2)
in good agreement with the experimental data, taking
reasonable A (∼ 1 − 10 Ω.cm/K1/2) and B (∼ 0.1 − 1
Ω.cm/K) values (solid lines in Fig.3) . Note the min-
imum in the temperature dependence of the resistivity
around T = 100 − 150 K (Fig.1a) corresponding to the
temperature for which the inelastic mean free path be-
comes on the order of the elastic one.
The zero temperature conductivity (σ0) deduced from
fits to the data above Tc using Eq.(2) is displayed in
Fig.4a as a function of nB/nc−1 (taking nc ∼ 4.5×1020
cm−3). As σ is expected to vary as 1/ξ one expects [25]:
σ0 = 0.1× (e2/~)× (1/ξ) (3)
5with a∗/ξ = (nB/nc − 1)ν (a∗ being the Bohr radius
∼ 3.5A˚). As shown in Fig.4a (solid line), σ0 follows al-
most exactly the prediction of the scaling theory with
ν ∼ 1 (without any adjustable numerical factor). In con-
trast to η, a unique ν value on the order of 1 has been
obtained numerically in all systems whatever the relative
importance of one electron and many body effects. This
value has been confirmed in disordered metals [4] as well
as in many compensated (e.g. Ga:As, Si(P,B)) or some
uncompensated (e.g. Ge:Sb) doped semiconductors (see
for instance [5, 6]). The ν = 1.7 value previously ob-
tained by Tshepe et al. [3] remains thus unexplained.
However, it is important to note that ν 6= 1 values have
previously been reported in uncompensated n-type sili-
con based semiconductors [5, 6, 35].
Note that the present work has been performed in the
3D-limit (i.e. for film thickness (t) much larger than the
superconducting coherence length (ξ0)) but boron doped
diamond is also a very good candidate for the study of
the superconducting to insulator transition in ultrathin
films. Indeed, it has been suggested that a quantum
phase transition might be driven by phase fluctuations
in the 2D-limit (ξ0 < t), leading to the ”localisation” of
the Cooper pairs (so-called ”dirty boson” model, for a
review see [36]). Even though a superconducting to in-
sulator transition has been induced in quasi-2D ultrathin
films of amorphous metals and oxides either by changing
the film thickness [37] or by increasing the magnetic field
[38] (i.e. increasing the effective disorder), the lack of a
universal limiting resistance still raises questions on the
nature of this transition. The main experimental limita-
tion arises from the the control of the structure and ho-
mogeneity of the films and the preparation of high qual-
ity ultrathin diamond films would thus be of fundamental
interest in this topic.
VI. SUPERCONDUCTIVITY
The influence of the proximity of MIT on the super-
conducting properties is a long standing puzzle which has
been widely studied in disordered metals [39]. It has been
shown that many disordered superconductors present a
dramatic enhancement of their critical temperature in
the vicinity of the MIT. Soulen et al. [40] suggested that
this enhancement could be accounted for by the reduc-
tion of screening (of the interaction potential) and pro-
posed to replace the Thomas-Fermi wave vector kTF by
keff ∝ (nB/nc − 1)2ν in the expression of the electron-
phonon coupling potential V = V0/((kTF /qc)2 + 1) (qc
being a cut-off frequency on the order of 3 times the in-
verse of the lattice parameter). Tc thus first increases as
the MIT is approached following the increase of V to-
wards its unscreened V0 value and finally drops towards
zero at the MIT due to the decrease of the density of
states (gF is expected to scale as [25] (nB/nc−1)ν(3−η)).
In disordered metals systems η = 2 (and ν ∼ 1) and the





































FIG. 4: (a) Conductivity extrapolated to zero temperature
as a function of the boron content deduced from SIMS mea-
surements (nB) in boron doped diamond films. The solid line
corresponds to the prediction of the scaling theory of the MIT
taking ν ∼ 1 (see text for details). (b) Critical temperature as
a function of the boron content deduced from SIMS measure-
ments (nB) in boron doped diamond films.The open circle has
been taken from Ekimov et al. [3]. The solid line corresponds
to Tc ∝ (nB/nc − 1)0.5.
close to the MIT. Note that Soulen et al. [40] assumed
that the Coulomb pseudopotential µ∗ remains on the or-
der of 0.15. However, µ∗ is expected to vanish at the
transition and we rather assumed here that both λ and
µ∗ are rescaled by the proximity of the MIT.
Due to retardation effects the Coulomb potential µ =






where ~ωel and ~ωph are typical electron and phonon en-
ergy scales. In metals, the electronic energy scale is much
larger than the phonon one, ~ωel/~ωph ∼ EF /kBθD ∼
100 (where EF and θD are the Fermi energy and De-
bye temperature). Therefore, µ∗ ∼ 1/ln(EF /kBθD) ∼
0.15 << µ and introducing the calculated λ values [8–
12] in Eq.(1) leads to Tc values in good agreement with
the experimental ones (on the order of a few K) when
using this standard µ∗ ∼ 0.1− 0.15 value.
However, in doped diamond EF /kBθD < 3 and re-
tardation effects are hence expected to be inefficient to
reduce µ. A somehow similar situation has been observed
in alkali doped C60 in which superconductivity occurs in
a narrow partly occupied t1u sub-band and µ∗ (∼ 0.3)
remains close to the µ value (∼ 0.4) [41]. Note that, in
that system µ is reduced by efficient metallic screening.
Even though the low number of carriers is expected to
lead to only poor screening of the Coulomb interactions
in diamond, µ is in this case expected to tend towards
zero due to the proximity of a metal-insulator transition
and one thus should have µ∗ ∼ µ → 0. Both λ and µ∗
are thus unknown in the vicinity of the MIT.
From Eq.(1), Tc has an exponential dependence and
is not expected to follow any simple scaling law. How-
ever, as shown in Fig.4b, the nB dependence of Tc is well
described by a (nB/nc − 1)1/2 law (solid line). This em-
phasizes that Tc remains remarkably large down to the
MIT : Tc ∼ 0.4 K for nB/nc ∼ 1.1. Indeed, such a Tc
is on the order of the one observed in metals but for
a carrier concentration lower by a factor 100 to 1000.
Note that similar values have been reported recently in
Tl doped PbTe samples [42] but these values are in this
case assumed to be due to a peculiar coupling mechanism
related to mixed valence fluctuations of Tl ions.
In order to extract the pseudopotential from the exper-
imental data, it is then necessary to know the coupling
constant λ. The theoretical values obtained from ab ini-
tio calculations in a super-cell approximation [8, 9] are
displayed in Fig.5a (open symbols). Similar values were
obtained in virtual crystal calculations [10–12] (closed
symbols). As shown, even if all calculations agree on a
λ value on the order of 0.4 − 0.5 for nB ∼ 1022 cm−3,
the dispersion if quite large and super-cell calculations in
the experimental low doping range are still lacking due
to computational limitations. The shaded areas in Fig.5
schematically represents the ensemble of {λ,µ∗} couples
compatible with our Tc values and the theoretical λ val-
ues obtained for large doping concentrations.
Even though calculations have only been performed in
the upper limit of the experimental doping range, it is
tempting to extrapolate those values towards nc assum-
ing that λ will scale as : λ = λa× (nB/nc− 1)β . Indeed,
since no maximum in the Tc(nB) curve has been observed
so far, keff is probably much smaller than qc and one ex-

























FIG. 5: (a) : λ parameter deduced from calculations in the
super-cell approximation (open square : from [8] and open
circles : from [9]) and virtual crystal approximation (closed
square : from [10], closed diamonds : from [11] and closed
circles : from [12]). The solid and dashed lines correspond
to λ ∝ (nB/nc − 1)β laws with β ∼ 0.2 and ∼ 0.5, respec-
tively. The corresponding µ∗ values are displayed in (b) (open
squares and closed circles, respectively) introducing the ex-
perimental Tc values in the McMillan equation. The shaded
areas correspond to {λ,µ∗} couples compatible with our Tc
values.
have been reported in Fig.5a for β ∼ 0.2 (solid line) and
β ∼ 0.5 (dashed line). The latter reproduces very well
the λ values deduced from super-cell calculations for large
doping but, as shown, such a rapid decrease of λ is not
compatible with our experimental Tc values as it would
lead to unrealistic negative µ∗ values (see closed circles
and dashed line in Fig.5b). Note that those calculations
do not take into account the possible coupling of electrons
7with local boron-related vibrations modes thus possibly
underestimating λ. The importance of those low energy
modes has been recently pointed out by Ortolani et al.
[43] from optical measurements and our Tc values con-
firm that those modes can play a significant role leading
to large coupling constants.
As the Coulomb interaction potential is expected to
be proportional to EF and gF ∝ p/EF (p being the
carrier density), one obtains that µ (and hence µ∗)
should scale as p. Assuming that g(E) ∝ (1 − E/Ev)α
(where Ev is the top of the valence band) one obtains
µ∗ ∝ p = ∫ Ev
EF
g(E)dE ∝ (1 − EF /Ev)α+1 ∝ (nB/nc)ζ
with ζ = β(α+ 1)/α. The solid lines in Fig.5 correspond
to β ∼ 0.2 and ζ ∼ 0.5. Note that this ζ value is in
very good agreement with scaling exponents previously
obtained in doped semiconductors (0.3 ≤ ζ ≤ 0.7, see [23]
and references therein) and would correspond to α ∼ 0.7
e.g. close to its α = 0.5 classical value.
The main point here is that λ has to remain relatively
large down to the transition in order to reproduce the
high Tc values without introducing unrealistic negative
µ∗ values. This means that β has to be very low (typically
≤ 0.3). As β = ν(3− η) and ν ∼ 1, one obtains that η ≥
2.7 in diamond in good agreement with transport data
for for nB ∼ nc (σ ∝ T 1/η, see discussion in section III).
This situation is then particularly interesting as it leads
to a density of states decaying only very slowly down to
the close vicinity of the MIT and to λ values remaining on
the order of 0.3−0.5 down to nB/nc ≤ 1.1. Finally, note
that scaling analysis in doped Si semiconductors even
suggested that η & 3 in this compound [23] which would
give rise to an enhanced density of states close to the
transition.
VII. CONCLUSION
To conclude, we have shown that boron doped dia-
mond presents a metal-insulator transition for a boron
concentration (nB) on the order of nc = 4.5×1020 cm−3.
The temperature dependence of the conductivity and
the effective number of carriers deduced from Hall ef-
fect can be very well described by variable range hopping
for nB < nc and the characteristic hopping temperature
T0 tends towards zero for nB → nc. On the metallic
side of the transition, the zero temperature conductivity
σ0 ∝ (nB/nc − 1)ν with ν ∼ 1 in good agreement with
numerical calculations [25].
The critical temperature in diamond roughly behaves
as (nB/nc − 1)1/2 emphasizing the fact that Tc remains
remarkably large down to the close vicinity of the MIT.
This phenomenological law can be accounted for by a
slow decrease of the coupling constant and correspond-
ing collapse of the Coulomb pseudopotential. This slow
decrease of λ is consistent with a critical exponent η being
on the order of 3 indicating that the density of states re-
mains large down to the transition. Direct measurements
of gF as a function of nB will now be of fundamental in-
terest to confirm this point.
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